Background : We examined risk of parkinsonism in occupations (agriculture, education, health care, welding, and mining) and toxicant exposures (solvents and pesticides) putatively associated with parkinsonism.
Results: Findings in 519 cases and 511 controls were analyzed. Work in agriculture, education, health care, or welding was not associated with increased risk of parkinsonism. Unexpected increased risks associated with legal, construction and extraction, or religious occupations were not maintained after adjustment for duration. Risk of parkinsonism increased with pesticide use (odds ratio, 1.90; 95% confidence interval, 1.12-3.21), use of any of 8 pesticides mechanistically associated with experimental parkinsonism (2.20; 1.02-4.75), and use of 2,4-dichlorophenoxyacetic acid (2.59; 1.03-6.48). None of the specific occupations, job tasks, or task-related exposures were associated with younger age at diagnosis (Յ50 years). Ever working in business and finance, legal occupations, construction and extraction, or transportation and material moving was associated with postural instability and gait difficulty subtype of parkinsonism. Tobacco use was inversely associated with parkinsonism risk.
Conclusion:
The association of disease risk with pesticides support a toxicant-induced cause of parkinsonism.
Arch Neurol. 2009; 66(9) :1106-1113 P ARALYSIS AGITANS WAS DEscribed at the height of the industrial revolution, 1 yet it was not until the late 20th century that 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridineassociated parkinsonism prompted investigations of occupational chemical exposures and disease. 2 Since then, occupations such as farming, teaching, and welding have been proposed to increase risk of Parkinson disease (PD), but associations have been inconsistent. [3] [4] [5] [6] [7] Few investigations have evaluated a direct relationship between occupational chemical exposures and PD. Toxicant-induced parkinsonism may have atypical features, 8, 9 but this factor has not been investigated systematically.
To address these concerns, we examined risk of parkinsonism in occupations (agriculture, education, health care, welding, and mining) and toxicant exposures (solvents and pesticides) putatively associated with PD. To minimize exposure misclassification, we used lifelong job taskspecific occupational histories. To avoid overly restrictive diagnostic criteria that might exclude toxicant-induced cases, we enrolled subjects with typical or atypical parkinsonism. Detailed clinical characterization of cases was performed by movement disorders specialists (C.M.T., G.W.R., R.A.H., J. J., S.A.F., S.B., A.D., C.M., K.E.L., and J.W.L.). Multicenter case and control ascertainment was used to avoid geographic bias.
METHODS

RECRUITMENT
Cases
Enrolling investigators (C.M.T., G.W.R., R.A.H., J.J., S.A.F., S.B., C.M., and K.E.L.) at 8 North American movement disorders centers recruited consecutively eligible subjects between July 1, 2004, and May 31, 2007 (Table 1) ; they evaluated diagnostic features for parkinsonism, 10, 11 age at diagnosis, cognitive status, response to therapy, and Unified Parkinson Disease Rating Scale scores. At 2 centers, staff shortages limited strictly consecutive enrollment. Inclusion criteria were the following: (1) parkinsonism of no known cause, defined as 2 or more signs (resting tremor, bradykinesia, rigidity, and postural reflex impairment), 1 of which must be resting tremor or bradykinesia; (2) diagnosis within 8 years to minimize the risk of survival bias; and (3) absence of dementia.
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Control Subjects
Controls were frequency matched to cases by age, sex, and location. Persons with neurodegenerative disorders were excluded. To minimize bias related to demographic or socioeconomic differences, controls were primarily identified from (1) nonblood relatives (excluding spouses) or acquaintances of cases enrolled in the study or (2) nonblood relatives or acquaintances of other patients with parkinsonism in the movement disorders clinics. To minimize overmatching, workmates were ineligible as controls. Additional controls were recruited by the use of a commercial list of telephone numbers (A. Caldwell List Company, Inc, Norcross, Georgia) for men aged 50 to 65 years with zip codes matching those of enrolled cases.
Subjects were informed that the study objective was to investigate putative environmental risk factors for parkinsonism, without indicating specific hypotheses. Subjects were screened using the Telephone Interview for Cognitive Status.
13
HUMAN SUBJECTS/RISK FACTOR INTERVIEWS
Human subject committees at each site approved the protocol. All subjects provided written informed consent. Interviewers at The Parkinson's Institute, Sunnyvale, California, used standardized computer-assisted telephone interviews to collect lifelong histories of tobacco, caffeine, and alcohol use and history of head injury and occupational histories (all jobs held for Ն3 months). For each job, information about the industry, location, processes, materials, and job tasks was collected.
14 To determine toxicant exposure, detailed information was collected for the following job tasks: cleaning and degreasing, gluing, machining, painting, using pesticides, soldering, stripping paint, welding, and woodworking. Specific occupations (agriculture, education, health care, mining, and welding) and toxicant exposures (solvents and pesticides) were identified a priori as putative risk factors for parkinsonism based on mechanistic theories or information from prior publications. [3] [4] [5] 8, 9, [15] [16] [17] [18] 
DEFINITION OF EXPOSURE VARIABLES
Analysis was limited to exposures before the reference age (age at diagnosis for cases and median age at diagnosis for cases in the appropriate sex and birth year-specific stratum for controls). Exposure variables were defined categorically and cumulatively. Tobacco, caffeine, and alcohol use for at least 6 months was defined as regular use. Cumulative exposure was defined as quantity over time using pack-years for cigarettes (1 pack of cigarettes per day for 1 year), milligram-years for caffeine (1 mg/d for 1 year), and drink-years for alcohol (1 alcoholic drink/d for 1 year). Head injury was defined as injury with loss of consciousness or as a physician-diagnosed concussion. Each occupation held before the reference date was classified by the use of the 2000 Standard Occupational Classification (SOC) Manual. 19 Coders were unaware of case status. The SOC codes, specific job tasks, and occupational exposures were classified categorically and for duration of time worked before the reference date. The a priori hypotheses were represented by SOC 25-0000 (education), 29-0000 and 31-0000 (health care), and 45-0000 (farming), any welding or mining task and occupational exposure to solvents or pesticides.
DEFINITION OF CLINICAL FEATURES
Diagnosis and type of parkinsonism, Unified Parkinson Disease Rating Scale score, and clinical features were determined by the enrolling investigator. The postural instability and gait difficulty (PIGD) subtype was defined by the use of an established method. 
SAMPLE SIZE
Lifetime frequencies of the a priori-specified occupations and tasks of interest were estimated to range from 1% to 33% based on published studies 4, 21, 22 and on our unpublished control data from 2003 (C.M.T. et al). With an odds ratio (OR) of 3.5 and an exposure frequency of 1% or with an OR of 1.5 and an exposure frequency of 20%, 500 cases and 500 controls would be needed to have an 80% power to identify an association between the exposure and parkinsonism at a 2-sided 5% level of significance.
STATISTICAL ANALYSIS
Our primary occupational analysis determined risk of parkinsonism associated with categorical and cumulative work in the a priori-specified occupations, job tasks, or exposures. Secondary analyses included association of other major and minor occupational codes and parkinsonism. Additional analyses determined risk in subgroups (PD, atypical parkinsonism, the PIGD clinical subtype, or early age [Յ50 years] at diagnosis) compared with controls. The Wilcoxon rank sum test was used for continuous variables and the Fisher exact test for categorical variables. Crude and adjusted ORs were calculated by the use of logistic regression models. Multiple logistic regression analysis was also used to obtain ORs adjusting for age (continuous), sex, race/ethnicity (white vs nonwhite), smoking (cigarette pack-years), caffeine use (milligram-years), alcohol use (drink-years), head injury (ever vs never), and duration of job or task (4 groups [never and tertiles of duration]). Site was modeled as a random effect, as was its interaction with an occupation, a job task, or an exposure. All analyses were performed by the use of commercially available software (SAS version 9. ).
RESULTS
Ninety-one percent of enrolled cases (519 of 571) and controls (511 of 561) were included in the primary analysis ( Figure) . Cases not analyzed were similar to those included, but controls not analyzed had a slightly lower educational level (Ͻ12 years of education in 36.0% not analyzed vs in 18.0% analyzed). About 90% of cases and 85% of controls were recruited from 5 sites ( Table 1) . The cases and controls were similar overall and among individual sites, except that controls recruited by telephone were mostly men aged 50 to 65 years. Subjects were primarily white males ( Table 2) ; 96.9% had PD.
NONOCCUPATIONAL RISK FACTORS
Ever smoking cigarettes and number of pack-years smoked were inversely associated with risk of parkinsonism ( Table 3) . Ever drinking coffee and cumulative caffeine intake showed an inverse association of borderline statistical significance. Head injury was directly associated with PD risk, but the confidence intervals (CIs) were broad.
STANDARDIZED OCCUPATIONAL CODES
All 23 major occupational codes, 92 of 99 minor codes, and 838 of 1600 unique 6-digit SOC codes were assigned at least once to cases and controls (mean, 9.5 codes for cases and 9.9 codes for controls) ( Table 4) . None of the a priori-identified occupational categories were associated with parkinsonism. Among the remaining major SOC categories, ever working in a legal or construction/ extraction occupation was directly associated with parkinsonism. Among 92 minor SOC categories, ever working as a lawyer or judge (OR, 3.15; 95% CI, 1.3-7.6; P=.01 for SOC 23-1000) or as a religious worker (2.4; 1.04-5.52; P =.04 for SOC was associated with greater risk of parkinsonism, while lower risk was noted for personal care and service workers (0.58; 0.35-0.95; P=.03 for SOC 39-9000), food preparation workers (0.54; 0.36-0.82; P =.003 for SOC , and military tactical weapons specialists (0.43; 0.28-0.65; PϽ.001 for SOC 55-3000). When these SOC code comparisons were adjusted for duration of work, associations were not maintained, and analyses repeated among PD cases did not change findings significantly.
SPECIFIC JOB TASKS AND EXPOSURES
Neither welding (any specific type) nor use of solvents (including carbon tetrachloride and trichloroethylene) increased risk of parkinsonism (Table 4 and Table 5 ). Ever painting, soldering, machining, using glue or adhesives, woodworking, and stripping wood or paint also did not differ between cases and controls. No individual type of glue or paint was associated with parkinsonism. No subjects had worked as miners. Of 144 subjects who did farm work, only 48 (33.3%) endorsed pesticide use. Among those farmers who did not use pesticides, 54.0% had stopped farming before age 20 years. Of 71 pesticide users, 51 (71.8%) were farmers, 18 (25.4%) worked in building and grounds maintenance, and 2 (2.8%) were soldiers. Cases were more likely to have ever used pesticides. Cases were also more likely to have ever used any of the 8 pesticides selected a priori as being of particular interest and to have ever used 2,4-dichlorophenoxyacetic acid. Paraquat and permethrin were rarely used, but association with greater risk of parkinsonism was suggested. Duration of any of the job tasks or exposures did not differ between cases and controls.
ASSOCIATION WITH CLINICAL FEATURES
None of the occupations, job tasks, or task-associated exposures were associated with atypical parkinsonism or with younger age at diagnosis (Յ50 years). Ever working in business and finance, legal occupations, construction and extraction, or transportation and material moving was associated with PIGD subtype but not after adjustment for duration. 
COMMENT
Occupational use of pesticides was associated with an almost 80% greater risk of parkinsonism. Growing evidence suggests a causal association between pesticide use and parkinsonism. 15, 17, 21, [25] [26] [27] [28] However, the term "pesticide" is broad and includes chemicals with varied mechanisms. Because few investigations have identified specific pesticides, we studied 8 pesticides with high neurotoxic plausibility based on laboratory findings. 29 Use of these pesticides was associated with higher risk of parkinsonism, more than double that in those not exposed.
Three individual compounds, the organochlorine 2,4-dichlorophenoxyacetic acid, the herbicide paraquat, and the insecticide and acaricide permethrin, were associated with more than a 3-fold increased risk of disease, although precision was poor for paraquat and permethrin. Combined exposure was observed in 44.8% of subjects (Table 5 ). To our knowledge, this is the first documented association of 2,4-dichlorophenoxyacetic acid with PD risk. Other organochlorines have been associated with increased risk of PD, and excessive amounts of organochlorines have been found in PD brains. 22, 25, 30, 31 Paraquat has also been associated with increased risk of PD. 15, 21, 27, 28 Paraquat 32 and certain organochlorines 33 are used to create experimental models of parkinsonism, which adds biologic plausibility to the hypothesis that pesticide exposure may be causal. Permethrin has not previously been associated with PD, to our knowledge. In mice, permethrin affects dopamine transport and may increase sus- c Combined exposures in 13 of 29 subjects (2,4-dichlorophenoxyacetic acid in 7 subjects, 2,4-dichlorophenoxyacetic acid and paraquat in 1 subject, paraquat and permethrin in 2 subjects, and 2,4-dichlorophenoxyacetic acid, paraquat, and permethrin in 3 subjects). a All major (2-digit) SOC codes are shown, as are all job tasks investigated in detailed interviews. b Ever vs never exposure to a specific occupation or task before the reference date, adjusted for sex, age (continuous), white race/ethnicity, smoking (cigarette pack-years), caffeine use (milligram-years), alcohol use (drink-years), and ever head injury.
c Occupations and tasks identified a priori. d Statistically significant (P Ͻ.05).
(REPRINTED) ARCH NEUROL / VOL 66 (NO. 9), SEP 2009 WWW.ARCHNEUROL.COMtibility of dopamine neurons to toxic insults. 34, 35 Permethrintreated garments, tents, and netting are commonly used as antimalarial products in the military and in other settings. 35 Many subjects may have long-term exposure. Additional assessment of permethrin as a risk factor for parkinsonism is warranted. Because exposure to more than 1 of these pesticides was common, future investigations should also assess the effects of combined exposure.
Longer duration of pesticide exposure has been associated with greater risk of parkinsonism in other populations. 15 In our study, long-term pesticide use was uncommon. We found no association between exposure duration and disease risk. Other investigators have reported greater risk of parkinsonism among agricultural workers, 3, 6, 15, 17, [36] [37] [38] but we found no association between the SOC code for agricultural work and parkinsonism, which confirms the suggestion that occupational code is a poor surrogate for pesticide use. 39 Neither overall risk of parkinsonism or PD, age at diagnosis, nor PIGD subtype was associated with welding or machining in our study. This finding is in contrast to reports of elevated disease risk among subjects with occupational exposure to metals 6, 22, 40 or among welders referred by attorneys 41 and contradicts findings of earlier age at PD onset among welders. 9 However, our results are in keeping with national databases, industrial populations, and clinic-based case-control studies, 39,42-47 which do not associate welding with greater risk of PD.
We did not replicate findings of prior studies 3,4,43 associating education or health care work with greater risk of parkinsonism. Investigation of more specific SOC codes (eg, elementary school teacher) did not change these results. Another large case-control study 39 that used occupational codes found no increased risk in these categories, while a smaller study 43 found a higher risk among physicians. Methodologic considerations may have contributed to the associations found in other studies. The comparison of specialty clinic cases with census-derived controls may have introduced selection bias in one study. 4 Another study 5 reported the usual occupation of subjects from death records, while a third study 3 compared tertiary clinic participants with published occupational statistics-which may overrepresent cases with higher educational level or socioeconomic status. Finally, occupational category is a surrogate for a disease-associated exposure; causal exposures may vary across populations.
We also systematically investigated job tasks and specific chemical exposures putatively associated with parkinsonism, with the inclusion of the solvent trichloroethylene. 48 Apart from pesticides, no type of exposure was associated with disease risk.
Our secondary analyses explored associations of risk of parkinsonism with the major and minor SOC codes not of a priori interest. We found few associations between any SOC code and parkinsonism. The finding of greater parkinsonism risk associated with legal and religious work is not easily explained but is not unique to this study. 3, 5, 6 Because religious and legal workers in our control population were not underrepresented, 49 these findings may not simply reflect selection bias. Only 1 of the SOC codes for which we found an association in these exploratory analyses-construction and extraction work-might carry a risk of chemical exposure. However, others 4, 39, 43 found inverse associations between analogous codes and PD, suggesting that this result may be spurious. Several minor occupational codes were inversely associated with parkinsonism risk, including protective service supervisors, food preparation workers, and certain personal care or service workers; these associations were not seen after adjustment for duration of time worked. Only 2 other studies 3, 50 reported decreased PD risk among service occupations. Whether this lower risk is owing to reduced toxicant exposure, the greater physical demands of these occupations (a healthy worker effect), or a spurious finding requires further study.
The PIGD subtype shares clinical features with toxicant-induced parkinsonism, 18, 42, 47 yet neither job task nor toxicant exposure increased the risk of the PIGD subtype. However, risk of PIGD subtype was increased in subjects who ever worked in business and finance, construction and extraction, and legal occupations. A biologic explanation for these associations remains elusive.
Ever use of tobacco and ever smoking of cigarettes were inversely associated with parkinsonism and PD. Control smokers consumed more cigarettes than case smokers. Cumulative caffeine intake was greater in controls but not significantly so. Risk of parkinsonism was slightly increased in association with head injury, but precision was poor. Alcohol use was unassociated with disease risk. Like findings have been observed in many studies 16 and indirectly support the similarity of our subjects to other study populations.
This study has several advantages. To our knowledge, it is the only study in which all cases were characterized by movement disorders specialists, which assures confidence in diagnosis and clinical subtype. Subjects were recruited from throughout North America, which provides geographic heterogeneity and a broad range of occupations. We also included subjects with atypical parkinsonism, because toxicant-induced parkinsonism may have atypical features, and studies that use strict diagnostic criteria could exclude toxicant-induced cases. Finally, the detailed interview collected information on key modifying factors (eg, tobacco use) and lifetime occupational and chemical exposure history. While the number of exposures to any individual risk was lower than in a population selected by occupation, potentially reducing the power to investigate an association, key exposures were well within the range of 1% to 33% that we projected (eg, 28.2% of controls worked with solvents, 7.4% welded, and 5.3% used pesticides [ Table 4 ]) and were in keeping with national frequencies. Moreover, pesticide use had a magnitude of association with parkinsonism similar to that of other investigations. Even for our secondary analyses, power to detect moderate ORs was 80% for most exposures.
There are several limitations. First, we identified subjects from referral centers. While this approach allowed for improved diagnosis and investigation of clinical subgroups, these results may not apply to populations with different characteristics. Most of our subjects were of nonHispanic white race/ethnicity. None had dementia, so associations of exposures with parkinsonism dementia could not be tested. However, our population generally resembled other case-control populations in sex, age, and lifestyle characteristics. The established inverse association of tobacco use with parkinsonism was observed in our population. Because cases and controls had similar demographic and socioeconomic characteristics, any potential bias is likely nondifferential. Second, we did not have direct quantitative exposure measurements. Because lifelong environmental or biologic monitoring is unavailable, the use of detailed job task-based interviews to infer exposure profiles is a valid and reliable alternative.
14,51-53 Recall bias may affect information provided by subjects, particularly for well-known putative risk factors such as welding or pesticide exposure. To minimize this factor during recruitment, specific hypotheses were not mentioned, and interview questionnaires collected a complete life history of jobs and tasks. Third, as in all case-control studies, causal relationships cannot be assumed. 54 Fourth, we investigated many associations; some findings may be chance associations. Rather than applying stringent corrections for multiple comparisons, we have chosen to report these associations to allow for further investigation.
Occupational pesticide exposure emerges as the most consistent etiologic association with parkinsonism. The work. All compensation received by investigators for studyrelated services was paid through contract between The Parkinson's Institute and the investigators' institutions. Additional Contributions: Freya Kamel, PhD, MPH, provided helpful comments on the manuscript. We thank the patients who participated in this study, as well as their families.
